Abstract: Nucleation parameters such as solubility, induction period, interfacial energy and nucleation rate and critical radius, Gibbs free energy change, number of molecules in the critical nucleus have been investigated for the aqueous solution growth of a semi-organic nonlinear optical (NLO) material of L-Leucine doped Zinc Tris-thiourea sulfate (ZTS). From the results, it was observed that the induction period increases with increase in additive concentration L-leucine into ZTS solutions. The critical nucleation parameters such as radius of critical nucleus, Gibbs free energy change and number of molecules (n) in the critical
I. Introduction
The search for new materials with high optical nonlinearities is an important task because of their practical applications in harmonic generation, amplitude and phase modulation, laser technology, switching and other signal processing devices. Nonlinear optical (NLO) crystals find wide range of applications in the field of telecommunication for efficient signal processing and optical information storage devices. NLO crystals with high conversion efficiencies for second harmonic generation (SHG) and transparent in visible and ultraviolet ranges are required for various devices in the field of optoelectronics and photonics [1] [2] [3] . Within the last decade much progress has been made in the development of these NLO organic materials having large nonlinear optical coefficients. However, weak Vander Walls and hydrogen bonds with conjugated electrons constitute most of the organic NLO crystals. So they are soft in nature and difficult to polish and these materials also have intense absorption in UV region. In view of these problems, new types of hybrid NLO materials have been explored from organic-inorganic complexes with stronger ionic bond. Recent interest is centered on semi organic crystals, which have the combined properties of both inorganic and organic crystals. Semi organic crystals have large nonlinearity, high resistance, low angular sensitivity and good mechanical hardness [4] [5] [6] . These crystals have better non-linear optical property than KDP. One of the essential requirements for a material to exhibit second order optical susceptibilities described by third rank polar tensor is that the crystal should have noncentrosymmetric space group. In amino acids, except glycine, all the other possess non-centro symmetric space group. The complex of organic-inorganic gives semiorganic material, which possesses higher mechanical strength compared to organic materials. The research on the synthesis of organic and inorganic complexes increased enormously in last few years [7, 8] . Specifically, amino acids and strong inorganic acids are good raw materials to produce semi-organic crystals because amino acid crystals are having good optical properties [9] . The material ZTS is a promising semi-organic nonlinear optical material for second harmonic generation (SGH) from metal complexes of thiourea. The SHG efficiency of ZTS is 1.2 times more than that of KDP [10] [11] [12] [13] . In the report, in order to optimize the growth parameters for the growth of bulk crystals with improved growth rates, the nucleation parameters like solubility, induction period, the critical radius, and number of molecules in the critical nucleus of pure and L-Leucine doped ZTS crystal have been investigated. Based on the nucleation parameters, bulk crystals have been grown and the grown crystals have been characterized.
II. Solubility
The solubility of pure and L-Leucine doped ZTS was determined for different temperatures namely 30, 35, 40 45 and 50°C. The measurement was performed dissolving the ZTS salt in deionized water in an airtight container maintained at 30°C with continuous stirring. After attaining the saturation, the equilibrium concentration of the solute was analysed gravimetrically. The procedure was repeated for other temperatures and also for the L-Leucine doped ZTS. For comparison purpose, the solubility curves of undoped ZTS salt was drawn along with the solubility curves of the doped salt. The solubility of ZTS crystal at 30 o C is reported to be 4.3 g/100 ml (for the pH value 3.1) [14, 15] and similar results were obtained in this work. It was observed from the result (figure 1) that solubility of the sample in water increases with temperature and it is found to be more for doped sample than the pure sample. It is clear that in the case of doped samples, the solvent is able to accommodate a marginally increased amount of solute for the saturation at the same temperature. Since the solubility increases with temperature, the samples have positive temperature coefficient of solubility. The increase in solubility by addition of dopants may lead to change of thermodynamic parameters such as surface concentration of growth species and the surface energy and hence it may be responsible for the change in the morphology of crystals [16] . 
3.Nucleation kinetic studies
Nucleation is an important phenomenon in crystal growth. The critical nucleation parameters of the synthesized undoped (pure) and L-Leucine doped ZTS salts have been calculated using the values of induction period (τ).
(a) Induction period ( τ)
A solution with supersaturation ratio 1.1 was prepared at 30°C and placed in a constant temperature bath. The time required for the growth of critical nucleus to detectable size is negligibly small compared with the time needed between the attainment of supersaturation and the appearance of nucleus of detectable size and hence this can be taken as induction period. The appearance of first speck of the nucleus was seen at the bottom of the container. For the measurement of induction period, isothermal method [16, 17] used at the selected supersaturation ratios or levels (S) such as 1.2, 1.25, 1.3, 1.35 and 1.4. The variations of induction period with supersaturation ratio for the samples are presented in the figure 2. Interfacial tension of the crystal and solution interface is an important parameter involved in the theory of nucleation and growth kinetics. In the present study, interfacial tension has been calculated on the basis of the classical theory of homogeneous nucleation [18, 19] . In order to estimate the critical nucleation parameters, the interfacial tension has been calculated using the experimentally measured induction period values by the relation ……… (2) where σ is the interfacial tension, v is the molar volume of the crystal, N is the Avogadro's number, R is the gas constant and S is the relative supersaturation ( ) where C is the actual concentration and C* is the equilibrium concentration. The function ln B weakly depends on temperature and hence there is a linear dependence between lnτ and .The interfacial tension of the solid related to this solution has been calculated from the relation
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The graphs of ln  versus 1/ (ln S) 2 for the pure and L-leucine doped ZTS samples are presented in the figure 3. Plot of ln τ against 1 / (ln S) 2 is almost linear. By linear fit, the slope is found and using the values of slope and the following equations, the critical nucleation parameters such as radius of critical nucleus (r * ), Gibbs free energy change (G * ), interfacial tension () and number of molecules in the critical nucleus (n) have been determined and the obtained values are tabulated in table 1.
c) Critical free energy, critical radius and nucleation rate
The free energy required to form a spherical nucleus is given by, ……….. (4) where ΔGv is the energy change per unit volume, r is the radius of the nucleus. At the critical state, the free energy of formation obeys the condition that = 0. Hence the radius of the critical nucleus is expressed as ………………...... (5) The critical free energy is given by The number of molecules in the critical nucleus is expressed by … …………………… (7) The rate of nucleation (i.e., the number of nuclei formed per unit time per unit volume) can be expressed by an Arrhenius-type equation J = A exp (-G * / k T) ………….. (8) The calculated values of interfacial tension vary from 1.348 to 1.362. Using these values, the other critical nucleation parameters were determined. From the results, it was observed that induction period decreases as the supersaturation ratio increases and hence the nucleation rate increases. The induction period increases with increase in additive concentration of L-leucine into ZTS solutions. The critical nucleation parameters such as radius of critical nucleus, Gibbs free energy change and number of molecules (n) in the critical nucleus decrease with supersaturation ratio (S) and these parameters decrease when concentration of dopants is increased. The obtained results of this work were the same as observed by other authors for their systems [20] [21] [22] [23] . In accordance with the solubility data, saturated solutions of the synthesized salts of pure and L-leucine doped ZTS were prepared separately. The solutions were constantly stirred for about 2 hours using a hot plate magnetic stirrer and were filtered using 4-micro Whatmann filter papers. Then the filtered solutions were kept in beakers covered with porous papers and kept in a dust-free atmosphere. To grow big size crystals, seed technique has been used. During the growth, very small crystals appeared at first which then grew bigger on slow evaporation. Constant temperature bath was also used to maintain the temperature constant. Several trials were tried to get good quality crystals. The grown crystals are displayed in the figures 4 (a-c) . Energy dispersive X-ray spectroscopy (EDS or EDAX) is an analytical technique used for the elemental analysis of the sample. The data generated by EDS analysis consist of spectra showing peaks corresponding to the elements making up the true composition of the specimen being analysed. The energy dispersive spectrum analysis used in conjunction with all types of electron microscope has become an important tool for characterizing the elements present in the crystal. In order to confirm the presence of the elements in the grown crystals, the samples were subjected to Energy Dispersive spectrum analysis using EDS detector (Hitachi model S-3000H scanning electron microscope). The obtained spectra (Fig.5) show the chemical composition of the undoped and L-leucine doped ZTS crystals thereby confirming the presence of the elements in the grown crystals. The peaks show the presence of carbon, nitrogen, zinc, sulphur, oxygen in the grown samples. 
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III. Conclusion
Single crystals of undoped and L-Leucine doped ZTS crystals have been grown from aqueous solutions. Solubility was estimated for different temperatures. It was clearly observed that the induction period decreases with increase of supersaturation ratio and hence there is an increase of nucleation rate. The growth parameters were optimized for the growth of large size crystals. The nucleation parameters such as Gibbs free energy change, the radius of critical nucleus, the nucleation rate, and also the number of molecules present in the critical nuclei were evaluated in terms of the classical nucleation theory. EDAX spectra have been recorded for the samples and hence the elements present in the samples have confirmed.
